Abstract
Introduction
The growing amount of data on nucleotide and amino acid sequences has created the need for fast methods of finding the possible function (activity) of a sequence in question. It is usually assumed that proteins with similar amino acid sequences may be members of the same group of functionally related proteins (Dayhof et al., 1972; Ogiwara et al., 1992) . Consequently, an approach to the resolution of this issue would be based on comparisons of a sequence to a set of objects with known functions and then to assign to the sequence the function of the closest sample.
Sequence similarities can be classified as global or local. Variations of dynamic programming algorithms, based on pairwise alignments of a tested sequence with the bank sequences, have a broad application in the search for global similarities between sequences (Needleman and Wunsh, Theoretical Department, Research Institute of Molecular Biology, SRC VB 'Vector', Koltsovo, Novosibirsk region, 633159, Russia To whom correspondence should be addressed E-mail: bachin@veclor.nsk.su 1970; Sankoff, 1972; Sellers, 1974; Waterman and Perlwitz, 1984) . Local similarity measures are generally preferred for database searches (George et al., 1986; Altshul et al., 1990) . Significant local similarity can occasionally be revealed in spite of the insignificance of global similarity between the query and data bank sequences.
When two or more proteins are known to be related, the information contained in them can be concentrated into some objects constructed over a sequence bank. Sequences under study can then be compared with a newly created bank of these objects. The construction of this new bank can be based on the method of matrices or profiles for aligned sequences (Gribskov et al., 1988; Henikoff et al., 1990) , blocks (Henikoff and Henikoff, 1991) , consensuses, motifs, patterns or coverings (Gribskov et al., 1988; Doolittle, 1990; Smith and Smith, 1990; Ogiwara et al., 1992; Bairoch, 1993; Attwood et al., 1994; Bairoch and Bucher, 1994) , or other methods (Fondrat et al., 1986; Claverie, 1993) . This is advantageous, in contrast to the direct comparison of a sample to each sequence in a bank. The gain is ensured by a decrease in the number of comparison events. This is due to the object being relatively short instead of a long set of protein sequences.
It seems that the main way to provide fast searching of similarities in protein databases is with the construction of multiple elements (blocks, patterns) for maximum groups of related proteins. It could be useful to have flexible criteria of similarity to find both close and distantly related subsequences.
To approach these goals, we have tried to create an algorithm to construct a bank of patterns of protein families 'PROFPAT' using the protein data bank SWISS-PROT. The system is designed to assemble a 'best set' of elements (a pattern) for a given group of related proteins. The element is a continuous, gap-free, interval of aligned protein positions. The element is represented as mean values of residue properties occurring in positions of the interval, their standard deviations, and calculated criterion of similarity. We use the 10 characters of Kidera et al. (1985) that concentrate ~200 physical and chemical properties of amino acids. Our method combines the advantages of BLOCKS, PROSITE and matrices/profiles. It provides automatic generation of multiple elements for protein groups, different distinctions between amino acids in different positions of aligned sequences, and a letter form of short elements for fast comparison with sequences of interest. This system was applied to all protein sequences of release 24 of the SWISS-PROT bank. A total of 865 protein groups have been extracted. They contain 19124 arhino acid sequences; 800 protein families have been aligned and patterns have been constructed for >700 protein families. All the patterns constructed have been compared with all the sequences of the SWISS-PROT bank. These comparisons and crossvalidation tests show a high discriminating capacity of the patterns. This high capacity may be useful in detecting previously unrecognized relationships.
System and methods
The programs were written in Turbo C 2.0 for IBM personal computers running MS-DOS 3.3 or higher. The amino acid sequences were taken from the NELKE bank (theoretical department of the NPO 'Vector', based on the SWISS-PROT bank). Multiple alignments of the amino acid sequences were performed with the use of the standard set of parameters by the program CLUSTAL (Higgins and Sharp, 1989; Higgins et al., 1992) .
The DOS versions of the bank and programs (~20 Mb) are available on diskettes or tapes supplied by the requester. Another appropriate way for its external use is to mail amino acid sequences to bachin@vector.nsk.su for comparison with the PROF_PAT.
Algorithm
An algorithm for the construction of protein family patterns aimed at detecting local similarities between query amino acid sequences and protein families is proposed. It is based on the selection of conservative segments in aligned sequences of protein families. They are represented in matrix or letter form as elements of patterns and are compared with tested sequences.
Let any amino acid be represented by a set of m properties. Then, an /-long amino acid sequence can be represented as a matrix of m x / elements. Accordingly, a family of aligned proteins (amino acid sequences) may be represented by a set of m channels expressed as:
where X tJ is the mean value of jth property at the ;th position in the family; S t) is a characteristic of the variation range of the ;th character at the given position, e.g. mean square deviation.
Thus, comparison between an amino acid sequence and a protein family can be defined as a comparison of a set of properties characterized positions of a tested sequence to mean values of these properties determined for the protein family with the variations within positions taken into account.
We define a pattern of a protein family to be a best set of non-overlapped elements that represent continuous gap-free intervals of positions within a family of aligned proteins and provide discrimination of the given family versus representatives of other families or random sequences. Let one test an interval of positions within an aligned protein family (as a prototype of an element of a pattern) with boundaries (l n l ; ). The frequencies of occurrence of amino acids at the positions are p h = n kl IN > 0 (k = 1 + 20, / = 1 -r-n). Here n is the length of the interval. N is the number of aligned sequences. 5Zjf = iPt, = 1. One can introduce a random variable 8 kl which represents the normalized deviation of the properties of the kth amino acid from their mean values calculated at the Uh position of the element [we used the 10 characters of Kidera el al. (1985) that concentrate -200 properties of amino acids].
h,=^
, 21 1/2 (2) X' kj is the value of the yth character of the klh amino acid. X ip that is the mean for all the amino acids occurring in this position, and the normalizing coefficient S, ; refer to the element:
Accordingly, one can define the mean value 5, and the mean square deviation a, of this random variable for the position of the element, with the frequencies of occurrence of amino acids at corresponding positions taken into account as:
Then, the mean value of the deviation of the corresponding interval of aligned sequences of the family from the element is given by:
The mean square deviation of this random value is: a = By substituting the frequencies of occurrence of amino acids calculated for all the sequences of a bank P k for p kh one may obtain the same characteristics (denoted by A and E) for random amino acid sequences with independent generation. Investigation of a sample of 1000 values of each 8, a, A and E (excluding zero values of 8) does not show significant deviations from normal distributions of normalized values of 8 and A.
To construct elements of a pattern all gap free, continuous intervals of aligned sequences from five to eight positions in length are tested. The interval is rejected if it does not fulfil one or both of the following conditions:
Here / is the quantile of Student's distribution for the predetermined level of a type I error (no similarity for related sequence) and T is the quantile of normal distribution for a pre-determined level of a type II error (similarity for an unrelated sequence). If K r > K/, the preset type I and II errors cannot be provided.
(10) rSRi=\ R is a set of all /j-length amino acid sequences fulfilling the condition:
Pit(i) is the frequency of occurrence in the protein bank of a k amino acid present at the ith position of the r sequence. For other designations, see equations (3), (4), (7) and (8). K is the criterion of significant similarity. Thus, Q is the integral frequency of all n-length fragments, that are similar to the element. The level 10~7 is chosen because in comparisons with the SWISS-PROT bank, an element is tested ~10 7 times and the expected number of false positives has to be no more than -10.
Equation (11) for criterion K of similarity provides its equal deviation from A and 8 in the sense of dispersions, and results in nearly equal (<10~5) type I and II errors. The conditions reject not only elements with poor discriminating capacity, but also elements selecting sequences with high random occurrence frequencies [see equation (10)].
The elements, which pass these tests, can be ranged according to score:
This formula includes the length n of the element and Q, the integral frequency of all similar amino acid sequences. The formula also includes the distance between two samples of normalized deviations. One sample characterizes the positions of the family corresponding to the element to be identified (average arithmetic 5 and mean square deviation a), and the other characterizes random amino acid sequences with residue frequencies of occurrence in an 'average protein' A and E, respectively. The coefficient 0.5 is chosen so that the formula will prefer shorter elements. If the next position is invariant, it can be added to the element. Limits in length of the elements (5-8 positions) are optimal. Elements shorter than these do not provide sufficient discriminating capacity [see Henikoff and Henikoff (1991) for like estimations], longer elements are more time consuming to compare. Two or more short elements are felt to be preferable to one long element that could be sensitive to deletions/insertions and insignificant variable spacers (Henikoff and Henikoff, 1991) .
Following the automatic identification of elements, a 'best path' of non-overlapping elements is selected with the maximum sum of Tf. It is made by total scoring with sole testing of each subpath. This step completes the pattern formation.
A sequence could be compared with patterns using the same algorithm, for example, each element is scanned along the length of the sequence and its deviation Dp from the corresponding segment is calculated [see equation (11)]. In this case,/is the number of the element in the pattern and / is the position number of the sequence in which the compared segment starts. If any of the Dp values proves to be smaller than the value of the criterion K (accepted for similarity), the decision is made that there is local similarity and it is possible that the sequence is related to the proteins that the pattern represents. If a second element reveals a similarity, the evidence that the sequence is related to the group is strengthened, and so on.
The procedure of the PROF_PAT bank construction

The compilation of protein families
To construct elements of a pattern, the program tool requires a group of two or more related proteins. Selection of amino acid sequences, comprising protein families, was based on the fields DE (descriptions of proteins) and KW (key words) in the SWISS-PROT bank. Sequences are chosen with the software NELKE, that ranges the fields in alphabetical order and unites SWISS-PROT entries with equal fields. All groups of proteins having five or more members with similar DE fields were compiled. After treatment of the DE field, families were formed based on the KW field.
In this manner, 865 protein groups were compiled including 19124 amino acid sequences (more than half of SWISS-PROT bank release 24). Partial amino acid sequences DE  INTERFERON ALPHA   KW  INTERFERON, CYTOKINE,   ID INA1BOVIN, INAlJfORSE, INA1_MOUSE, INA1_RAT , INA2_HORSE, INA2_MOUSE,   ID INA3 HORSE, INA4JIORSE, INA4_HUMAN, INA5_MOUSE, INA6_MOUSE, INA7_HUMAN,   ID INA7J1OUSE, INA8_HUMAN, INA8_MOUSE, INA9_MOUSE, (fragments) were rejected from protein groups. The files with the sequences were converted into an acceptable form for multiple alignment programs, CLUSTAL (Higgins and Sharp, 1989; Higgins et al., 1992) .
Multiple alignments
In identification of the 'best' elements, it proved to be very important to align the sequences correctly. Errors in an alignment produce a sharp increase in the variation of characters at positions and, accordingly, a decrease in the selectivity of elements. They also caused the appearance of 'unique' sequences with unique amino acids at certain positions. This, in turn, leads to the appearance of some elements that are incapable of recognizing the sequences of training samples. To avoid the problems, proteins with a preset high value of minimum similarity were included in training samples. for all pair combinations. If the condition is violated, the set is either divided into subsets (subfamilies) that have more internal similarity, or sequences are rejected so long as sequences with sufficient pair similarity are left. Rejection of the entire family can be another consequence of the procedure.
Comparison of the patterns to the SWISS-PROT bank
Each pattern is compared with all the amino acid sequences of the SWISS-PROT bank. Each element is scanned along the length of the sequences and at all positions (~9 million times). The element's difference from the corresponding fragment is calculated. If this value proves to be smaller than the value of the accepted criterion for similarity K [equation (11)], the decision is made that there is local similarity. Results of comparisons are included in the PROF_PAT bank.
The structure of the patterns bank mainly copies the structure of the PROSITE bank (Bairoch, 1993) . The additional PR field contains the representation of an element as matrices of mean values of amino acid characters and their standard deviations [see equations (3) and (4)]. Figure 1 demonstrates an entry of the PROF_PAT bank derived for the a-interferon precursor family (the second element).
Results and discussion
Patterns have now been produced and tested for 743 families (training samples), containing 7385 sequences. The total number of elements is 16 657 compared to 2679 blocks for 698 families in release 7.01 of the BLOCKS database (December 1993) or 1029 patterns, rules and profiles/matrices for 785 documentation entries in release 12.0 of PROSITE (June 1994). The total combined length of patterns is 123 275 positions compared with 88 862 positions in BLOCKS.
As an example, the main characteristics of some elements of a pattern of the a-haemoglobin family (102 representatives, the length of aligned sequences, 144 positions) are listed in Table I . They include element boundaries in the aligned sequences of the family, the values of their scores [equation (12)], the values of random variables [equations (7) and (8)], the analogous values calculated for sequences with random location of amino acids according to the frequencies ins of occurrence of residues in the SWISS-PROT bank, the value of the criterion K [equation (11)] and, finally, the logarithm to the base 10 of Q [equation (10)].
The characteristics of the current state of the PROF_PAT bank in comparison with analogous data calculated for release 12.0 of the PROSITE bank (1029 patterns, rules and profiles/matrices for 785 documentation entries; Bairoch and Bucher, 1994) and extracted from the paper of Ogiwara et al. (1992; 145 motifs, conservation 80%, training data) are presented in Table II . Some other interesting analogous bases (BLOCKS, Henikoff and Henikoff, 1991; AACC patterns, Smith and Smith, 1990) do not contain appropriate information. Comparison results of PROF_PAT's discriminating capacity with PROSITE show that its power, sensitivity and specificity could be essentially higher due to the multiple elements in a pattern and the inclusion of many proteins of the SWISS-PROT bank in the information of the patterns.
The patterns identify 13 542 sequences of the SWISS-PROT bank as 'positive' or 'conventionally positive'. Conventionally positive hits ('unknown') usually identify essentially the homologous sequences that have not been included in training sets.
As previously demonstrated (Bachinsky et al., 1994) , almost all sequences of the training samples are revealed by the elements of patterns. This demonstrates the good discriminating capacity of the method. The cases of falsenegative results mostly occur in a small set of families: NUCLEOPROTEINS (23 false negatives), RIBULOSE BIPHOSPHATE CARBOXYLASES (12 false negatives) and others. This calls for a more thorough analysis of training samples and alignment of proteins. False positives were also revealed. Their number was not large enough to consider any ineffectiveness in discriminating capacity (each element was compared ~9 million times). Some of the false-positive cases do deserve attention. Possibly, true significant local similarities are revealed between families thought to be unrelated. A special analysis is required when an unrelated sequence shows similarities with several elements of a pattern. We have identified >250 sequences with two or more false positives when compared to a pattern. Most of the false positives are known to be related to corresponding protein groups and refinements of KW fields are needed. Elements no. 35-44 of the pattern of RNA polymerase a reveal Sendai virus X PROTEIN. No indications of a relationship between this protein and the proteins of the training samples are provided in releases 24 and 29 of the SWISS-PROT bank (see Table III for some other examples).
Two of the five elements of the CALMODULIN family pattern show false-positive similarities with 11 proteins of the TROPONIN C family, and two other elements with the single protein in the SWISS-PROT bank OPTIC LOBE CALCIUM-BINDING PROTEIN (CABO_LOLPE, accession number: P14533). All these proteins are calcium binding. Three elements of the TROPONIN C pattern, in turn, show similarity with sequences of the CALMODULIN family. Furthermore, the disposition of the points of similarity in these proteins coincides with the sequence order of elements in the families. Examination of similarities between complete sequences of these proteins demonstrates more than a 50% similarity in some sequences belonging to different families. The minimum similarity exceeds 25%. CALMODULIN and TROPONIN C are members of one superfamily of the PIR bank (George et al., 1986) . Figure 2 demonstrates joint alignment of some members of these families. The positions of the patterns are marked.
Cross-validation tests also give acceptable results. For example, ANNEXINS (1, 2, etc.) are presented by 30 complete sequences in the SWISS-PROT bank. Only 10 closely related sequences were included in the training sample for ANNEXINS. All 30 sequences are revealed by the pattern. The same results were obtained for ALKALINE PHOSPHA-TASES (17 complete sequences were revealed, 12 sequences are in the training sample), PHOSPHOGLYCERATE KINASES (27 sequences were revealed, 13 sequences are in the training sample), and for other protein groups.
As in other methods, the measure of distinction between amino acids or their groups is used. It is usually represented by scoring matrices (Altshul et al., 1990; Wallace and Henikoff, 1992) . However, in this method, as in methods of matrices/profiles, these distinctions vary depending on dispositions in sequences. To be more accurate, they depend on the variation of amino acids in the position of the family. Thus, the weights of these amino acid characteristics differ within these distinctions of different patterns, as well as their elements, and the positions of these elements. These circumstances result in an absence of the necessity to investigate the importance of the characteristics used in analysis. Invaluable characteristics give a small contribution to the distinction. Furthermore, using residue properties for the construction of patterns makes the method flexible concerning the number of elements in a pattern and their discriminating capacity. The crucial feature of the method is its ability to form, in an automatic manner, highly discriminating patterns for nearly all aligned protein groups.
Two or more short elements are felt to be preferable to one long element [as, for example, in coverings by Smith and Smith (1990) ] because of possible insignificant variable spacers in a family and insertions/deletions in query sequences (Henikoff and Henikoff, 1991) . It should also be taken into account that the sensitivity and specificity of the method are determined not only be the sensitivity and specificity of individual elements, but also by their number. The final decision that a given sequence belongs to the same class as the proteins of a family can be made when the criterion of similarity is met for a pre-determined number of elements of the pattern and the disposition of the points of similarity coincides with the sequence order of elements in the family. The more elements of a pattern reveal similarities, the more impressive is the evidence that the sequence is related to the protein group (Henikoff and Henikoff, 1991) . On the other hand, if an element does not determine some related sequence, it is highly probable that it will be determined by other elements (see Table II) .
As in BLOCKS, a pattern usually contains more than one element. However, our elements are usually shorter and more numerous than in BLOCKS which is advantageous, if one follows Henikoff and Henikoff (1991) . The mean number of elements per pattern is ~20. The maximum number of >5000 potential elements and the maximum number of 415 nonoverlapping elements with a total length of 2780 positions of a pattern have been obtained for the family designated as GENOME POLYPROTEIN CAPSID in the SWISS-PROT bank. The number of elements of a pattern depends on the number and type of amino acid characters used. First, we examined all the 10 characters taken from the paper of Kidera et al. (1985) . Then, the number was diminished to reduce (Mitsui el al, 1993) time-consuming pattern formation and comparisons with protein data banks. The variability of amino acid characters has been analysed in -100 families. Five characters with minimum variability (2, 4, 6, 8 and 9) were then used in the formation of patterns. Characters 2 and 4 are closely correlated with the volume of amino acids and their hydrophobicity, accepted as the most important for determination of the structure and function of proteins (Bogardt et al., 1980) . As would be expected, different family position regions show various capacities to represent elements in a pattern. Figure 3 demonstrates an occurrence profile of potential elements that have various lengths and that start at a given position of the a-interferon precursor family. Parts of 'empty' regions are explained by 'gaps'. The rest of the regions are empty or almost empty due to the high variability of the amino acids. For this reason, the profile of element occurrence can be a rough quantitative characterization of the stability of the regions of sequences. Some positions are marked as forming structure domains (e.g. a helices) or functionally important sites: 4-22, 31-41, 54-68, 73-91, 116-156 in the human a-interferon precursor (Mitsui et al., 1993) . It is seen that the profile complies with the marks. We could obtain a closer similarity by varying the set of amino acid characters and the parameters that determine the quality of elements.
In conclusion, the method of using patterns combines the advantages of BLOCKS (automatic generation of multiple elements for protein groups; Henikoff and Henikoff, 1991) , PROSITE (relatively compact element presentation; Bairoch, 1993; Bairoch and Bucher, 1994 ) and matrices/profiles (different distinctions between amino acids for different positions of aligned sequences; Wallace and Henikoff, 1992; Bairoch and Bucher, 1994) . We are now working on a fast automatic procedure that includes the formation of protein families, comparison of the sequences, construction of their A.G. Bachinsky el at. multiple alignment, preparation of their patterns, and their verification by comparison with a protein bank.
